Histologic subclassification of high-grade endometrial carcinomas can sometimes be a diagnostic challenge when based on histomorphology alone. Here we utilized immunohistochemical markers to determine the immunophenotype in histologically ambiguous high-grade endometrial carcinomas that were initially diagnosed as pure or mixed high-grade endometrioid carcinoma, aiming to determine the utility of selected immunohistochemical panel in accurate classification of these distinct tumor types, while correlating these findings with the clinical outcome. A total of 43 high-grade endometrial carcinoma cases initially classified as pure high-grade endometrioid carcinoma (n = 32), mixed high-grade endometrioid carcinoma/serous carcinoma (n = 9) and mixed high-grade endometrioid carcinoma/clear cell carcinoma (n = 2) were retrospectively stained with a panel of immunostains, including antibodies for p53, p16, estrogen receptor, and mammaglobin. Clinical follow-up data were obtained, and stage-to-stage disease outcomes were compared for different tumor types. Based on aberrant staining for p53 and p16, 17/43 (40%) of the high-grade endometrial carcinoma cases initially diagnosed as high-grade endometrioid carcinoma were re-classified as serous carcinoma. All 17 cases showed negative staining for mammaglobin, while estrogen receptor was positive in only 6 (35%) cases. The remaining 26 cases of high-grade endometrioid carcinoma showed wild-type staining for p53 in 25 (96%) cases, patchy staining for p16 in 20 (77%) cases, and were positive for mammaglobin and estrogen receptor in 8 (31%) and 19 (73%) cases, respectively, thus the initial diagnosis of high-grade endometrioid carcinoma was confirmed in these cases. In addition, the patients with re-classified serous carcinoma had advanced clinical stages at diagnosis and poorer overall survival on clinical follow-up compared to that of the remaining 26 high-grade endometrioid carcinoma cases. These results indicate that selected immunohistochemical panel, including p53, p16, and mammaglobin can be helpful in reaching accurate diagnosis in cases of histomorphologically ambiguous endometrial carcinomas, and can assist in providing guidance for appropriate therapeutic options for the patients.
Introduction
High-grade endometrial carcinomas are a group of diverse and often diagnostically challenging tumors, which include high-grade endometrioid carcinoma (FIGO grade 3), uterine serous carcinoma, clear cell carcinoma and undifferentiated carcinoma. 1 Highgrade endometrioid carcinoma and serous carcinoma account for the majority of high-grade endometrial carcinomas, while they are associated with different molecular tumorigenesis and clinical outcomes. Previous study reported that the molecular profile of high-grade endometrioid carcinoma is between that of low-grade endometrioid carcinoma and serous carcinoma. 2 Low-grade endometrioid carcinomas are generally classified as type I endometrial carcinomas, which are associated with prolonged unopposed estrogen stimulation, and usually have a favorable prognosis. 3, 4 In contrast, serous carcinomas are classified as type II endometrial carcinomas which are not particularly estrogen dependent, and have poorer prognosis. 4, 5 Serous carcinomas represent about 10% of all endometrial cancers, but account for a disproportionally high number (~40%) of endometrial cancer deaths. 6 The analysis of clinical outcomes of high-grade endometrioid carcinoma has shown conflicting results. Many studies have shown that high-grade endometrioid carcinoma has a better overall survival rate compared to that of serous carcinoma, 7, 8 whereas others reported that high-grade endometrioid carcinoma behaves similar to serous carcinoma. 9, 10 High-grade endometrioid carcinoma primarily metastasizes to regional lymph nodes, and the metastasis is generally correlated with deep myometrial invasion. In contrast, metastasis of serous carcinoma can frequently extend to adnexal structures and peritoneum, and does not show significant association with the depth of myometrial invasion. 1 Due to the high rate of metastasis even in the absence of myometrial invasion, comprehensive surgical staging is recommended when feasible in all women diagnosed with serous carcinoma, 11 thus prompting more aggressive therapeutic modalities.
Morphologically, serous carcinoma can be sometimes difficult to distinguish from high-grade endometrioid carcinoma. A subset of serous carcinoma can exhibit ambiguous histomorphology with predominant glandular architectural pattern, with or without papillary growth. 12, 13 Besides, endometrioid carcinoma can sometimes display a papillary architecture with intermediate nuclear atypia which can be mistaken for serous carcinoma. 14, 15 In addition, both high-grade endometrioid carcinoma and serous carcinoma can show solid areas, making it more difficult to differentiate between the two. Furthermore, serous carcinoma may rarely demonstrate a background of endometrial hyperplasia which could suggest a mixed endometrioid and serous differentiation. [16] [17] [18] The important question remains whether a subset of high-grade endometrial carcinomas diagnosed as high-grade endometrioid carcinoma actually represents serous carcinoma with endometrioid-like architectural pattern. Many studies have reported a poor inter-observer variability in the diagnosis of endometrial carcinomas, especially high-grade endometrioid carcinoma and serous carcinoma among non-subspecialized pathologists or even among gynecologic pathologists. 16, [19] [20] [21] Therefore, the need for an accurate sub-classification of high-grade endometrial carcinomas is crucial as serous carcinoma require comprehensive surgical staging and more aggressive treatment. 11, 22 While the p53 overexpression has been shown to correlate with serous carcinoma, 23, 24 the absence of p53 staining does not entirely exclude serous carcinoma, as the p53 protein may be truncated due to frame-shift mutation leading to null p53 immunostaining. 25 Furthermore, the aberrant p53 immunoreactivity has also been reported in up to 37% of high-grade endometrioid carcinoma. 2, 13 Alternatively, the utilization of p53 along with p16 may increase the sensitivity of accurate identification of serous immunophenotype. 26 However, rarely the high-grade endometrioid carcinoma may also show variable aberrant immunoreactivity for both p53 and p16.
The utilization of sensitive immunohistochemical markers such as p53 and p16 combined with other more specific tumor markers can assist in more accurate differentiation of serous carcinoma from high-grade endometrioid carcinoma. 27 It was reported in a previous study that mammaglobin can be detected in majority of high-grade endometrioid carcinoma while being largely negative in uterine serous carcinoma, 28 which suggested that mammaglobin may be a promising adjunctive marker to differentiate serous carcinoma from high-grade endometrioid carcinoma. In the present study, we retrospectively evaluated the expression of p53, p16, mammaglobin protein and estrogen receptor in highgrade endometrial carcinoma cases initially diagnosed as high-grade endometrioid carcinoma, and correlated the histomorphologic features and immunoprofiles of these tumors with patients' clinical outcomes, to determine whether a subset of serous carcinomas with ambiguous histomorphology were underdiagnosed.
Materials and methods

Case Selection
This study was approved by the Institutional Review Board of University of Kentucky Medical Center. A total of 43 hysterectomy specimens from patients with diagnosis of high-grade endometrial carcinoma from January 1999 to December 2003 were retrieved from the archives of the Department of Pathology at University of Kentucky Medical Center. These cases were initially diagnosed as pure high-grade endometrioid carcinoma (n = 32), mixed high-grade endometrioid carcinoma/serous carcinoma (n = 9) and mixed high-grade endometrioid carcinoma/clear cell carcinoma (n = 2) based on histomorphology alone. All cases were independently reviewed by two gynecologic pathologists (MLC and RGK), and a representative section was selected for a panel of immunostains, including p53, p16, estrogen receptor, and mammaglobin.
Clinical Data
The retrospective study was done in accordance with the Institutional Review Board guidelines. The clinical follow-up information was obtained from Tumor Registry (mean follow-up interval 41 months), and the clinical outcomes were compared for stage to stage disease in different subtypes of endometrial cancer. The mean age of the patients was 64.5 years (ranged from 40 to 85 years).
Immunohistochemical Studies
Representative formalin-fixed, paraffin-embedded tissue sections were stained with antibodies against p53 (DAKO, Carpinteria, CA; clone DO-7, 1:75 dilution), p16 (NeoMarkers, Fremont, CA; clone 16P07; pre-diluted), estrogen receptor (NeoMarkers; clone 1D5, 1:20 dilution), and mammaglobin (Zeta Corporation, Sierra Madre, CA; clone 31-A5; 1:50 dilution). The immunostaining was performed using manufacturer's protocol for immunophenotypic markers with appropriate positive and negative controls. Briefly, antigen retrieval was performed at pH 9 using the PT-LINK system (Dako). Staining was performed utilizing EnVision FLEX reagents (Dako) with an autoimmunostainer (Dako) according to the manufacturer's protocol. The immunohistochemical staining results were scored independently by two pathologists. The p16 immunostain was considered aberrant (overexpression) if 475% tumor cells showed strong nuclear and cytoplasmic immunoreactivity. The p53 immunostain was considered aberrant if 475% tumor cells showed strong nuclear immunoreactivity (overexpression) or no staining was found in any of the tumor cells (null staining), and was considered wild-type if the tumor cells showed heterogeneous patchy positivity. Similarly, the estrogen receptor stain was considered positive if 45% of tumor cells were immunoreactive. The cytoplasmic mammaglobin staining was evaluated using scoring system from 0 to score 3, as previously described, and scores 2 or 3 were considered positive. 28 
Statistical Analysis
The difference of overall survival between the reclassified serous carcinoma group and the confirmed high-grade endometrioid carcinoma group was calculated by Fisher's exact test.
Results
Based on recognition of ambiguous histomorphologic pattern of serous carcinoma, and aberrant staining for p53 and p16, 11 (34%) cases initially diagnosed as pure high-grade endometrioid carcinoma were re-classified as serous carcinoma ( Table 1) . Five of the 9 (56%) cases initially diagnosed as mixed high-grade endometrioid carcinoma/serous carcinoma were re-classified as pure serous carcinoma, based on aberrant staining for both p53 and p16, performed on representative slides containing both serous and endometrioidlike histologic appearance, while the remaining 4 (44%) cases with wild-type staining for p53 and patchy staining for p16 were considered as pure high-grade endometrioid carcinoma. Similarly, two other cases previously diagnosed as mixed highgrade endometrioid carcinoma/clear cell carcinoma were re-classified as pure serous carcinoma and pure high-grade endometrioid carcinoma, respectively, based on their immunoprofile. Histologically, all 17 cases re-classified as serous carcinoma showed predominantly glandular architecture but exhibited cytomorphologic characteristics of serous carcinoma, including ragged luminal borders, pleomorphic cuboidal cells with eosinophilic cytoplasm, hobnail nuclei with loss of nuclear polarity, prominent nucleoli or macronucleoli, and increased mitoses with or without atypical forms ( Figure 1 ). All 17 cases showed overexpression for p53 ( Figure 2a ) and p16 (Figure 2b ), and were entirely negative for mammaglobin (Figure 2c) . None of the cases showed null staining for p53. The estrogen receptor was positive in 6/11 cases (35%), while negative in 11/17 cases (65%) (Figure 2d ; Table 2 ). The remaining 26 cases of confirmed highgrade endometrioid carcinoma showed wild-type staining for p53 in 25 (96%) and patchy staining for p16 in 20 (77%) of cases. The mammaglobin was positive in 8/26 (31%) and estrogen receptor was positive in 19/26 (73%) cases. (Table 3) .
Of note, although the stage of the disease was not correlated that well between the re-classified serous carcinoma and confirmed high-grade endometrioid carcinoma groups, the disease-free survival was, with significant difference in disease-free survival between those two groups (P o0.05 with Fisher's exact test; Table 3 ).
Discussion
In the current study, 40% (17/43) of cases of highgrade endometrial carcinomas initially diagnosed as high-grade endometrioid carcinoma on histology alone were retrospectively re-classified as serous carcinoma, when the ambiguous glandular histologic pattern of serous carcinoma has been recognized, and specific immunohistochemical panel was used. Similarly, a recent study also reported that up to 90% of endometrial carcinoma initially diagnosed as mixed or ambiguous carcinoma were re-classified as serous carcinoma after immunostaining for p53 and p16. 29 Thus, our findings are in agreement with previously reported studies demonstrating difficulty and poor inter-observer diagnostic concordance in differentiating serous carcinoma from high-grade endometrioid carcinoma based on histomorphology only. 16, 19, 20 Due to the aggressive behavior of serous carcinoma and more aggressive treatment, the possibility of potentially underdiagnosed serous carcinoma requires consideration of several important issues: subsets of serous carcinoma with a component of glandular histomorphology can be misdiagnosed as high-grade endometrioid carcinoma, which may result in sub-optimal surgical staging and treatment that might affect the disease-free and overall survival in these patients, as well as accurate selection of patients for prospective clinical trials.
The majority of patients (53%) with re-classified serous carcinoma in our study initially presented at FIGO stage III or IV disease, whereas only 35% of patients with confirmed high-grade endometrioid carcinoma presented at FIGO stage III or IV disease. Moreover, in retrospective analysis, patients with reclassified serous carcinoma had poor clinical outcomes in the study. Due to aggressive nature of serous carcinoma, it is crucial to recognize the existence of a subset of serous carcinoma with ambiguous histological features, including glandular histologic pattern along with cytomorphologic features characteristic of serous carcinoma. In addition, the background histological findings such as endometrial atrophy or serous intraepithelial carcinoma in the absence of squamous and/or mucinous metaplasia/differentiation would strongly argue in favor of serous carcinoma. The recognition of these histomorphologic features should be utilized in conjunction with sensitive and specific immunomarkers to identify this ambiguous subset of serous carcinoma.
While utilization of immunochemical panel has already been implemented as a standard work-up for difficult cases of high-grade endometrial carcinoma in distinguishing between high-grade endometrioid carcinoma and serous carcinoma, in our experience with consultation cases we still encounter underdiagnosed serous carcinoma that were rendered based on histomorphologic features alone. Based on our study as a single institution experience, we would like to raise awareness among the Pathology Community that, even as of now, many patients might still be sub-optimally staged and undertreated due to diagnostic error.
In the current study, we demonstrate that mammaglobin is a highly specific marker for diagnosing serous carcinoma when combined with sensitive immunohistochemical markers p53 and p16. Recent molecular studies have identified diverse genetic mutations in the development of endometrioid carcinoma and serous carcinoma. While endometrioid carcinomas are associated with microsatellite instability along with PTEN, KRAS, PIK3CA, ARID1A and CTNNB1 mutations, serous carcinomas are associated with TP53, PPP2R1A and PIK3CA mutations. 1, [30] [31] [32] As a result, p53 has been developed as a sensitive marker for the diagnosis of serous carcinoma. However, a subset of serous carcinoma may harbor TP53 mutations resulting in the absence (null) p53 protein expression. 33 Moreover, the p53 overexpression has been also reported in some cases of high-grade endometrioid carcinoma. 2, 13, 23 Hence, the combination of p53 and p16 immunohistochemical markers along with mammaglobin is superior to p53 and/or p16 alone in identifying serous carcinoma with ambiguous morphology. To our knowledge, this is the first study to evaluate the expression of mammaglobin along with previously recognized sensitive immunomarkers, such as p53 and p16, in supporting the diagnosis of serous carcinoma. The expression of ret finger protein was once proposed to be helpful in differentiating serous carcinoma and endometrioid carcinomas, however, a more recent study revealed that ret finger protein expression is associated both with high-grade endometrioid carcinoma and with serous carcinoma. 34 Previous studies have also shown that retention of PTEN is highly specific for the diagnosis of serous carcinoma when utilized with either p53 or p16. 8, 17, 27, 35 However, the PTEN staining pattern and its interpretation can vary depending on the type of commercially utilized antibody to PTEN. 1, 36 In contrast, mammaglobin cytoplasmic staining is easy to interpret with moderate to strong intensity observed both in benign and hyperplastic endometrium and endometrioid carcinoma. 28 Hence, the presence of mammaglobin staining strongly suggests an endometrioid immunophenotype.
The immunostaining profile of mammaglobin in uterine high-grade endometrioid carcinoma and serous carcinoma was first studied by Onuma et al. 28 who reported that only 1/8 (13%) of serous carcinoma cases were positive for mammaglobin expression, compared with 5/7 (71%) of high-grade endometrioid carcinoma cases showing positive staining. Another recent study showed that mammaglobin was positive in 7/31 (23%) of uterine serous carcinoma cases and 12/21 (57%) of endometrioid carcinoma (mostly low-grade) using a different cutoff. 37 In our hands, mammaglobin demonstrated 100% specificity with absence of staining in all 17 re-classified serous carcinoma cases, which is more comparable with the Onuma et al study. It should be noted, however, that all three studies were performed on a limited number of cases. The fact that there was not a single case showing mammaglobin positivity in our study indicates that mammaglobin can possibly be a promising addition to the already available immunochemical panel in accurately diagnosing high-grade endometrial carcinoma. Therefore, larger studies might be necessary to determine the usefulness of mammaglobin in differentiating uterine serous carcinoma from high-grade endometrioid carcinoma. It would also be helpful to consider a parallel comparison of mammaglobin and PTEN staining, and to evaluate the utilization of both markers along with p53 and p16, in differentiating between these two types of high-grade endometrial carcinoma.
In conclusion, this study was performed to help delineate a useful panel of immunostains that can be implemented when differentiating within a diverse group of high-grade endometrial carcinomas that often present a diagnostic challenge. Utilizing the current immunochemical panel with addition of mammaglobin may aid in the accurate diagnosis of histomorphologically ambiguous serous carcinoma cases, and provide an appropriate surgical staging and therapeutic approach for the patients.
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